The structure of room-temperature ZrP 2 O 7 is shown to be orthorhombic by a combination of high-resolution synchrotron powder diffraction and single-crystal synchrotron diffraction data. Small nontwinned single crystals were obtained by synthesizing the compound using solvothermal methods at temperatures below the cubic to orthorhombic phase transition. The average P−O−P angle is 146°. DFT calculations (B3LYP/AUG-cc-pVDZ) on the isolated P 2 O 7 4-anion yield a P−O−P angle of 153.42°and indicate that the barrier to inversion is of the order 3.6 kJ mol -1 .
Introduction
The pyrophosphate compounds, MA 2 O 7 (M ) Si, Ge, Sn, Pb, Ti, Zr, Hf, U, Th, etc.; A ) V, P), have recently attracted great interest because of the presence of phases with very low or even negative thermal expansion. [1] [2] [3] Of the compounds studied so far, ZrV 2 O 7 and HfV 2 O 7 demonstrate negative thermal expansion. 4 This difference in behavior appears to influence also the response of the compounds to high pressure: ZrP 2 O 7 and TiP 2 O 7 contract smoothly up to at least 20.5 and 40.3 GPa, respectively. ZrV 2 O 7 , on the other hand, undergoes a cubic to orthorhombic phase transition around 1.38-1.58 GPa and becomes X-ray amorphous above 4 GPa. 5 Common to the entire family is the presence of a high-temperature low-volume cubic (Pa3 h) structure. This phase undergoes a phase transition to a low-temperature (LT) 3 × 3 × 3 superstructure, that is, with a 27-fold increase in unit cell volume. Only a few of these compounds have been structurally characterized in the LT phase, and they are all cubic (Pa3 h). This is the case for ZrV 2 O 7 , 6 TiP 2 O 7 , 7 and SiP 2 O 7 . 8 However, it has been shown by laboratory powder X-ray diffraction that the superstructure phase of GeP 2 O 7 is at least monoclinic (P2 1 /c) or possibly even triclinic. 9 MoP 2 O 7 has been reported to have a cubic metric but orthorhombic symmetry by single-crystal diffraction, but the data did not allow satisfactory structure determination. observation of an intermediate incommensurate phase has been reported in a narrow temperature range around the phase transition. 13 The structure of the LT phase of ZrP 2 O 7 was discussed by Khosrovani et al. on the basis of neutron powder diffraction data. 14 Their analysis assumed space group Pa3 h, which restricts some of the P-O-P bond angles to 180°on average and contains 11 independent P sites. However, solidstate 31 P NMR data would suggest that there are more than 11 P sites. In the original report on the ZrV 2-x P x O 7 series, this disaccord was assumed to be due to an impurity. 12 Very recently, however, advanced 2D solid-state 31 P NMR techniques, like those used for SnP 2 O 7 , 11 were used to unequivocally show that all the observed peaks in the 31 P NMR MAS spectra originate from the same phase and that there are 27 distinct 31 P resonances corresponding to 13 P 2 O 7 4-units with two inequivalent P sites and one P 2 O 7 4-unit with two equivalent P sites. These observations point to the space group Pbca. 15 To shed light on these disparities in the literature, we decided to study the room-temperature structure of the LT phase of ZrP 2 O 7 using high-resolution crystallographic techniques. As we will show in this paper, the combination of very high-resolution synchrotron powder diffraction and area detector synchrotron single-crystal diffraction is exactly what is needed to tackle this type of complex problem (a combination of very small lattice distortions, only small single crystals available, and many weak superstructure reflections). These methods have allowed us to determine unequivocally that the LT phase of ZrP 2 O 7 is orthorhombic and does not reveal any 180°P-O-P bond angles.
Experimental Section
Synthesis. Single crystals of ZrP 2 O 7 were prepared by solvothermal treatment of amorphous zirconium phosphate with phosphoric acid. In the preparations, 1.5 g of amorphous zirconium phosphate prepared as in ref 16 and 10 mL of 89% H 3 PO 4 were mixed in a Teflon-lined autoclave. The resulting gel was slowly heated to 240°C and kept at this temperature for 48 h. After cooling, the crystals were separated from the liquid by centrifugation, washed with water, and air-dried.
The chemical composition was verified using an ARL-SEMQ microprobe. Scans for other elements were negative. Elemental analysis (Zr, P) was performed on several crystallites using baddelyte (ZrO 2 ) and apatite (Ca 5 (PO 4 ) 3 OH) as reference materials. No deviation from nominal composition was detected (with an average of 8 measurements out of 10 with 2 outliers rejected, a composition of ZrP 2.14(5) O 6.88(10) was obtained). A scanning electron microscopy picture taken on a Cambridge Stereoscan 150 of the crystals is shown in Figure 1 and illustrates the pseudocubic morphology of the crystals.
High-Resolution Synchrotron Powder Diffraction. Roomtemperature synchrotron high-resolution powder diffraction (HRPD) data were measured at the station BM01B of the Swiss-Norwegian Beam Lines (SNBL) at the European Synchrotron Radiation Facility (ESRF), Grenoble, France. The wavelength, selected by a parallel geometry Si(111) channel-cut monochromator and refined with a Si standard, was λ ) 0.8000 Å. The sample was loaded in a glass capillary, and the diffracted beam was analyzed with a Si(111) analyzer to increase angular resolution. The resulting data, covering 2θ ) 20.018-31.998°with a step size of 0.002°, clearly showed deviations from cubic symmetry (see Figure 2) . The data set was used for refinement in general structure analysis system (GSAS). 17 The intensities were obtained from the single-crystal model (see below) in order to ensure a correct distribution of intensity between the closely spaced peaks. The fit converged at R wp ) 0.0836, R p ) 0.0699, and 2 reduced ) 1.489 for 12 profile parameters (a, b, c, zero-point, GW, LY, and six background coefficients) and at R(F 2 ) ) 0.0913 for 2025 observations. The resulting lattice constants are given in Table 1 . (12) The strong peak at 25.06°is (0 6 12) in the cubic indexation. Note the clear peak splitting, which proves that the symmetry is lower than cubic.
Single-Crystal Synchrotron Diffraction.
A single crystal with a linear dimension of ∼20 µm was used for single-crystal measurements that were performed at the station BM01A of the SNBL. Focusing optics were used in combination with a MAR345 imaging plate detector. Because of the presence of both very strong and very weak reflections, data from three independent data collections were merged together. This approach is necessary in cases such as the present because of the limited dynamic range of the detector. Two data sets were collected with a wavelength of 0.8000 Å, whereas the last was collected using λ ) 0.6804 Å. The last data collection was performed 2 months after the first one, and we have no indication of any crystal decay between the two data collection periods. The first data collection was performed with a detector to crystal distance D ) 120 mm using an oscillation angle of ∆φ ) 2°and consisted of 157 images. It covered a resolution range of d ) 7.5-0.865 Å. The second data collection was characterized by D ) 170 mm, ∆φ ) 1°, consisted of 170 images, and covered d ) 15.0-1.131 Å. The last data collection, performed with λ ) 0.6804 Å, was performed by using D ) 90 mm and ∆φ ) 2°. It consisted of 173 images and covered d ) 5.5-0.656 Å. The data were integrated and scaled together, thereby also correcting for variations in the incident beam intensity inherent of synchrotron radiation, using the HKL program package. 18 No absorption correction was done. The data were corrected for Lorentz and polarization effects, the latter assuming a degree of polarization of 0.95, which has been found to be appropriate for the present setup. 19 The structure was solved by using the Zr positions derived from the high-temperature phase. The P and O atoms were subsequently found by Fourier recycling techniques. This trial structure solution was performed using a partial data set consisting of data to d min ) 0.865 Å and the program JANA. 20 The final refinement using all data was done with SHELXL97. 21 Anomalous scattering factors contained in the program for Mo KR radiation (0.710 73 Å) were used.
An additional data set was collected at 120 K to check for lowtemperature phase changes (crystal-to-detector distance ) 120 mm, ∆φ ) 2°, λ ) 0.8000 Å). These data confirmed that the sample is still orthorhombic at 120 K. A cell refinement using the CrysAlis software gave 120 K lattice parameters of a ) 24.7067(10), b ) 24.6829(7), and c ) 24.7157(9) Å.
Density Functional Theory Calculations. Isolated ion calculations were performed on the P 2 O 7 4-anion at the B3LYP/AUGcc-pVDZ using Gaussian 98 with tight convergence criteria and an ultrafine DFT integration grid. 22 An initial run with loose convergence criteria starting from anion 1 from the experimental structure resulted in a C 2 symmetric anion. This symmetry was imposed in the final calculation. Vibrational analysis confirmed that the structure obtained is a minimum on the potential energy surface. The calculated structural parameters are given in Table 5 . In a second run, again with tight convergence criteria and an ultrafine DFT integration grid, a relaxed potential energy surface scan was made of the P-O µ -P angle from 105 to 179.9°.
Results
The ZrP 2 O 7 samples used for the present study were prepared at a fairly low temperature, 240°C, which is several hundred degrees below the temperature used by Korthuis et al. 12 Most importantly, the synthesis temperature is below the phase transition temperature leading to the supercell, which was determined to be at 290°C by Korthuis et al. 12 using differential scanning calorimetry (DSC), so that it should be possible to obtain nontwinned crystals. As seen below, this is indeed the case. In contrast to crystals most often obtained by solid-state methods, the crystals obtained by our synthesis method are very well dispersed with well developed facets. The single crystals obtained had linear dimensions up to ∼20 µm (see Figure 1) and their shape is close to octahedral, reflecting that the symmetry is close to cubic.
To look for possible lattice distortions, we used highresolution synchrotron powder diffraction at the SNBL at the ESRF in Grenoble, France. This installation provides one of the highest instrumental resolutions in the world. The powder diffractogram showed clear, though very small, deviations from cubic metric symmetry. Figure 2 shows one of the parent-phase peaks, (0 6 12) (cubic indexing), which would not be split if the symmetry was cubic. The refined room-temperature lattice, Table 1, shows that the deviation from the average lattice parameter (24.7335(2) Å) is 0.0055-(3), -0.0151(3), and 0.0096(3) Å for a, b, and c, respectively. These very small differences amount to 0.022%, 0.061%, and 0.039% of the average. The largest difference between (18) lattice parameters is between c and b, 0.0247(3) Å, which is 0.100(1)% of the average. The small size of the orthorhombic distortion underlines the power and necessity of highresolution synchrotron powder diffraction. The distortion was not detectable in the neutron powder diffraction data available to Khosrovani et al.
14
The orthorhombic structure was successfully determined from single-crystal synchrotron diffraction data. The structure consists of ZrO 6 octahedra, which are corner linked to PO 4 tetrahedra. Two tetrahedra are connected through the bridging oxygen, O µ , to form the P 2 O 7 4-anion. The structure is shown in Figure 3 . A key conclusion of the present work is that the structure is indeed orthorhombic and that none of the pyrophosphate anions have 180°P-O-P bond angles. There are 14 pyrophosphate ions in the asymmetric unit, one of which (P14, O14, O14A, O14B, and O14C, with O14 being the bridging oxygen) is situated on a symmetry element in agreement with the space group assignment derived by solidstate NMR. 15 Even for the P14 pyrophosphate ion, the data clearly showed that the bridging oxygen is not 180°on average but a distinct asymmetric, albeit disordered, position was found for the bridging oxygen atom.
An overview of the average geometrical parameters is given in Table 2 . The disordered pyrophosphate ion, number 14, is an outlier in the distribution of most of the geometrical descriptors, and Table 2 presents averages both with and without ion 14. The spread of both distances and angles is somewhat larger than the standard uncertainty of each observation. The individual pyrophosphate ions are shown in Figure 4 , which displays the atomic displacement parameter ellipsoids while Figure 5 displays distributions of the O-P-O angles. All the pyrophosphates display large amplitudes for the motion of O µ perpendicular to the P-O µ -P plane. As is evident from Figure 4 and from the O t -P-O µ -P reported in Table 4 , there is a very large variation in the orientation of the PO t 3 group with respect to the P-O µ -P plane. Thus, there appears to be essentially no Comparison of the P2O7 4-ions. For each ion, two projections are shown: onto the P-O µ -P plane and perpendicular thereto (along the P-P axis). Note the very large variation in O t -P-O µ -P torsion angles. The atoms are shown as 50% probability density ellipsoids. Ion 14 is disordered and situated on a symmetry element; thus, only half the ion is unique. a N is the number of bond distances/angles of a given type while the range of observed values is expressed by min and max. The average and the standard deviation from the mean, σ ) (∑ i(di -〈di〉) 2 ) 1/2 /(N -1), are also reported. For each entity, two lines are given: with (first line) and without (second line) the disordered pyrophosphate 14
The ZrP 2 O 7 Superstructure Is Orthorhombic constraint on the orientation of the terminal group around the P-O µ -P plane. The two PO t 3 groups in each pyrophosphate are almost staggered.
The DFT calculations on the isolated ion showed it to have an equilibrium P-O µ -P angle of 153.4°, a little larger than the average in the experimental structure, 145.6(3.1)°. The optimized structure is shown in Figure 6a and described in Table 5 , which also lists the three lowest normal modes. Mulliken charge analysis indicates that the negative charges are evenly distributed over the oxygen atoms: the charges are -1.080 for O µ , 1.749 for each of the P-atoms, and -1.076, -1.069, and -1.064 for O t1 , O t2 , and O t3 , respectively. The relaxed potential energy surface (PES) of the P-O µ -P angle is shown in Figure 6b . The resulting potential energy surface could be modeled by a 12th order polynomial with all odd coefficients equal to zero: . At angles lower than the equilibrium, the energy increases very rapidly. However, for larger angles the PES is fairly shallow, and the inversion barrier at 180°is only 3.60 kJ mol -1 . For comparison, this is 6.5 times smaller than the inversion barrier in ammonia. 23 The equilibrium structure has two lowfrequency modes with ν < 31 cm -1 (Table 5 ). As could be expected, the lowest frequency mode corresponds to a movement of the bridging oxygen atom out of the P-O µ -P plane and an accompanying deformation of the terminal oxygen umbrella-like shape. It is evident from the large transverse amplitude of the O µ atomic displacement parameters (Figure 4 ) that a similar mode is active in the crystal. The second lowest mode is essentially a pure PO 3 deformation mode, with the P atoms and the bridging oxygen almost stationary. Only the third mode, ν ) 96.1 cm -1 , is a P-O µ -P bending mode. This shows that in the isolated anion, the vibration tending toward a linear bond is not the lowest frequency one.
The Zr atoms are octahedrally coordinated with an average Zr-O distance of 2.058(12) Å as shown in Table 2 . Table  3 gives a summary of the coordination geometry around the individual Zr atoms. The octahedra are distorted but only to a small extent; the root mean square deviation (rmsd) from 90°is in the range 1.18-4.24°. Interestingly, there is a tendency for a negative correlation between the P-O distance and the P-O-Zr angle; that is, the P-O distance is smaller for larger values of the P-O-Zr angles, and the correlation coefficient R is -0.6393.
Discussion and Conclusion
The present work is based on some key technical advances compared to previous work. Our low-temperature synthesis route was a key facilitator for the single-crystal diffraction study since it provided access to single, untwinned crystals. The high-resolution synchrotron powder diffraction data clearly showed, Figure 2 , that the lattice is not metrically cubic and allowed precise determination of the orthorhombic lattice parameters. The availability of single crystals allowed structure determination by single-crystal techniques. Because of the very weak superstructure reflections and large unit cell, the single-crystal study necessitated the use of area detectors and synchrotron radiation. It should be stressed that these techniques are becoming more and more readily available as the numbers of synchrotron facilities continues to grow.
The barrier to inversion of the free pyrophosphate ion was by DFT found to be 3.60 kJ mol -1 , which is equivalent to 433 K if converted using the k B T relationship with k B being the Boltzmann constant. Thus, if the only factor influencing the phase transition temperature would be the barrier to inversion of the pyrophosphate ion, one would expect the phase transition to the P-O-P disordered cubic phase to occur at this temperature. The experimentally observed transition temperature is somewhat higher, 563 K. However, the isolated ion calculations are approximate and, most importantly, do not take Zr-coordination and interion interactions into account. If we transform the observed transition temperature to an effective barrier, a value of 4.7 kJ mol -1 is obtained for the "effective inversion barrier".
Supporting Information Available: Crystallographic data in CIF format; illustration of anion modes. This material is available free of charge via the Internet at http://pubs.acs.org. a C2 symmetry was imposed. Only the unique atoms are given; the remaining atoms are generated by the symmetry operation (-x, -y, z). For the normal modes, the deformation vectors for the remaining atoms are generated by the symmetry operations (qx, qy, -qz) and (-qx, -qy, qz) for B and A symmetry modes, respectively. The total energy is -1209.002 181 hartree while the zero point energy is 63.31 hartree. 
